This investigation illuminates the effect of surface grown carbon nanotubes (CNTs) on the viscoplastic behavior of fiber reinforced plastics (FRPs). The study demonstrates the feasibility of growing CNTs on conventional woven carbon fibers without degrading the fibers structural properties. The subsequent hierarchal reinforcement was utilized to fabricate laminated FRPs. The viscoplastic behaviors of the hybrid composites were investigated through series of stress relaxation and creep tests at different thermomechanical environments. The results of the experimental tests were utilized to both construct and validate a phenomenological viscoplastic constitutive model of the hybrid FRPs. The experiments and the model predictions established that surface grown CNTs could enhance the composite resistance to viscoplastic deformation.
Introduction
Structural fiber reinforced plastic (FRP) composites including those reinforced with high performance fibers (e.g., glass, carbon, aramid or their combinations) are evolving as viable alternatives to metals for structural applications due to their elevated specific strengths and stiffness [1] . However, emerging applications of FRPs entail the exposure to elevated thermomechanical environments, which precludes their life cycles and durability, making it crucial to investigate their time/temperature dependent deformation.
As embodiments of temporal thermomechanical behaviors of FRPs, creep and stress relaxation are of particular importance as they affect the strength and durability of structures made of FRPs. The deformations or changes in the material properties driven or amplified by exposure to prolonged times and/or elevated temperatures are referred to as viscoplastic deformations. Polymer matrix composites are prone to progressive deformation under constant loads (creep) and bare lesser loads under constant displacement (stress relaxation) in longer time durations. These time-dependent deformations should be accounted for in the design of FRPs structures as they could jeopardize the load bearing capacity and might induce structural instabilities.
The main source for the viscoplastic deformations in FRPs is the polymeric matrix where the constituent chains tend to slide against each other and straighten. Although the addition of carbon fibers enhances the mechanical properties of the polymers considerably -including the resistance to viscoplastic deformationother issues arise when these microscale fibers are incorporated. Straightening of the fibers from their possible initial waviness and more notably the slippage mechanisms between the fibers and matrix are major contributors to the viscoplastic deformations in FRPs.
The insufficient resistance of FRPs to viscoplastic deformations can be mitigated by the addition of nanofillers to the polymeric matrix. Nanofillers were utilized to modify the viscoplastic behavior of polymer matrix composites [2] . The presence of nanofillers could compensate for the viscous properties of polymers up to an extent; however, it brings about other changes such as reducing the ductility and altering the 3 electrical/thermal properties of the composite. The amount of change depends on the volume fraction of the nanofillers, their morphology and ultimately their adhesion to the matrix. In the case of nanofillers with high intrinsic Van der Waals forces (such as carbon nanotubes; CNTs), the lack of proper dispersion becomes detrimental if the volume fraction exceeds a certain metric called the percolation threshold. The percolation threshold is considered to be the minimum volume fraction at which a filler can uniformly be dispersed in a matrix properly to form a 3D connected network throughout the matrix without agglomeration. Most research to-date focus on using CNTs as reinforcements in a polymeric matrix by shear mixing and perhaps subsequent alignment of single-or multi-walled CNTs in the matrix [3] [4] [5] .
Alignment and dispersion are crucial factors that are challenging to control experimentally using oftrepeated mixing methods. Carbon nanotubes embedded in a polymeric matrix form aggregates that are not only poorly adhered to the matrix, but also concentrate stresses; compromising the contribution of the CNTs as reinforcement. Sonication [6] and calendaring [7] have been employed to resolve this problem, but are not effective beyond ∼3.0% CNT volume fraction due to the formation of aggregates [8] . The extreme difficulty in uniformly dispersing CNTs in polymer matrices arises from the large surface area of CNTs [9] . Dispersion and extrusion techniques have been reported in the literature for producing CNTs composites [10] . However, in both techniques, producing uniform and well-dispersed CNTs reinforced composite is difficult because of the small amount of solid 'powder' (carbon) compared with the large amount of liquid polymer (matrix) in early mixing stages. This often leads to phase separation due to the strong van der Waals forces between CNTs compared with that between CNTs and polymer [4] .
Several protocols were applied to enhance the fiber/matrix interface and, thus, hinder the slippage mechanism between the fibers and the matrix encountered in viscoplastic deformations. The chemical treatment approach utilizes acidic reagents (e.g. chlorosulforic acid, nitric acid, etc…) to attach functional groups such as carboxyl, ether or hydroxyl to the fiber to improve the load transfer and adhesion between the fiber and the matrix. It was demonstrated that the chemical treatment improves the wettability and the surface roughness of the fibers, which in return, increase the tensile strength, and the interlaminar shear 4 strength of the composite [11] . However, the chemical treatments could induce excessive erosion to the fiber leading to a reduced composite strength.
An alternative approach to impede the slippage mechanism between the fibers and the matrix can be achieved via the creation of well-attached, small-scale physical obstacles on the fibers surface (i.e., whiskerization). Whiskerization can resolve the dispersability and agglomeration issues discussed earlier as no physical mixing is needed. The whiskers could be high aspect ratio crystalline silicon carbide, silicon nitride or CNTs grown on the surface of the fibers. The growth of high aspect ratio nanotubes on the fiber surface induces less stress concentration in the fiber since they induce stiffness gradient from the fiber to the matrix [12] . The growth of 1D carbon nanostructures (multi and single wall carbon nanotubes) and ZnO nanorods on commercially available carbon fibers has been demonstrated via different studies [13] [14] [15] .
Carbon nanotubes were grown on carbon yarns and carbon fabrics surface using the catalytic chemical vapor deposition (CCVD) with different catalysts such as nickel, cobalt and iron at high temperatures (600°C to 1000°C). Zhang et al. [16] have grown high density multiwall carbon nanotubes (MWCNTs) using the CCVD process at high temperatures 700-800°C on the surface of sized and un-sized carbon fibers.
The results showed a 40% decrease in the tensile strength of the sized carbon fibers when exposed to 700°C growth environment. Identical results were observed for the un-sized fibers but at temperatures higher than 800°C which contrasts the important role played by the fibers sizing. Since the carbon fibers and the grown 1D nanowhiskers are of different size and nature, the term "hybrid nanocomposite" is used throughout the remaining text to address the whiskerized carbon FRPs. Several studies showed that both in plane and out of plane properties of carbon nanofiller modified carbon fiber and glass fiber polymer composites are considerably higher than pristine composites [5, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] .
The time-temperature dependent behavior of conventional FRPs has been studied utilizing different constitutive models that were originally designed for polymers [29] [30] [31] [32] [33] . Creep tests require prolonged testing time as the rate of change can be very slow (in some cases several years). Hence, different accelerated methods have been developed to predict the long-term creep behavior of polymeric materials 5 using data from tests at elevated temperatures with considerably shorter durations. The time-temperature superposition (TTSP), Findley's model [34] , Schapery's model [35] and polymer modified thermal activation energy theory [36] are some of the widely utilized accelerated creep testing schemes.
Viscoelasticity of FRPs has been studied utilizing standard short-time creep tests at different temperatures to predict their long-term creep behavior [31, 37] . Like many other mechanical properties, the creep compliance and the stress relaxation modulus (as two influential material parameters for viscoelasticity) are much weaker along the transverse direction to the fiber orientation [38] . This heightens the importance of studying the flexural creep properties in orthotropic or transversely isotropic FRPs where the axial direction is designated as the fiber direction, which exhibits the least deformation, imposed by time or temperature variations.
The goal of this study is to delineate the effects of growing CNTs on the surface of carbon fibers on the viscoplastic behavior of FRPs. In particular, the creep and the load relaxation behaviors of hybrid FRPs based on hybrid carbon fiber/CNTs reinforcements are examined under different thermomechanical environments. To quantify the change in the viscoplastic behavior, we examined the changes in the parameters of a phenomenological viscoplastic model developed by T. Gates for FRPs [39] .
Materials, Processing and Experimental Techniques:

Samples Preparation
PAN-based woven carbon fibers with 3k bundles, Thornel ® T650 (Cytec, Inc.), were utilized as the reinforcement in this study. The sizing on the fibers was removed by placing the as -received sized fibers in a tube furnace at 550 °C for 30 mins under inert environment (nitrogen). The de-sized fibers are afterward employed in a three-layer polymer matrix composite to further investigate the effect of the sizing removal on the mechanical properties of the composite. Carbon nanotubes were grown utilizing the graphitic structure by design (GSD) method, detailed elsewhere [15, [40] [41] [42] [43] .
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The GSD method requires a thin layer of Ni to be applied on the fibers as a catalyst for the CNTs growth.
The Ni layer (2 nm) was deposited on the de-sized carbon fibers utilizing a magnetron sputtering system (ATC Orion from AJA International). The carbon yarns were placed, separately, inside a quartz tube furnace. Three mass flow controllers were required for the three input gases: an inert gas (UHP N 2 ), a hydrocarbon (C 2 H 4 ), and Ultra High Purity H 2 . The synthesis processes comprised three steps: (i) a reduction step, at 550 °C under N 2 /H 2 environment, was carried out for 2 hours under atmospheric pressure to break the nickel film into nanoscale sized particles and to remove any nickel oxides, (ii) flushing of the system with nitrogen to remove the reduction byproducts and, (iii) the introduction of the "deposition mixture," which consisted of N 2 /H 2 /C 2 H 4 while maintaining the temperature at 550 °C. The growth time was set to 30 minutes.
Per our previous investigations [44] , the uniform growth of CNTs might not be the best topology to improve the fiber matrix interface; very dense growth could prevent the matrix from infiltrating through to reach the base carbon fibers; leading to poor matrix/fiber adhesion. Hence, to overcome this hurdle, a patterned CNT growth is more favorable and can be achieved by enforcing interspacing in the catalytic nickel film. A perforated mesh template was clamped to the carbon fiber fabrics during the sputtering of nickel. The pattering was conducted utilizing a woven wire cloth, 316 SS, 90X90 Mesh, .0035" Wire Dia, masking the sample during the Ni sputtering. Then upon utilizing the GSD technique, CNTs will grow following identical topology of the patterned Ni film.
The hybrid fabrics with uniform surface grown CNT and patterned-CNT growth were utilized to fabricate three layered composites laminates. The laminae layup arrangement was 0/45/ 90. The middle layer orientation was chosen to further increase the matrix contribution to the overall mechanical properties. The matrix material was a resin-based epoxy, Aeropoxy™ manufactured by PTM&W Industries, Inc., with glass transition temperature of Tg=98 °C.
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The mold used for composite fabrication consisted of two aluminum parts separated by a flexible rubber sheet. The setup comprised a vacuum bag, peel ply release fabric, stacked carbon fabrics were impregnated with the epoxy (using a roller), another peel ply film, perforated release film, and breather cloth, consecutively. The 3 layers' layup was placed inside the bottom half of the mold, which is connected to the vacuum line, and the top part that has an airway (which is later connected to compressed air line) remained empty. To seal the mold from the ambient, it was placed in a hydraulic press (operated at 30 tons). While the layup being vacuumed, compressed air (480 KPa) was applied to it by the means of flexible separator.
Simultaneous use of the vacuum, compressed air, and press assures degassing of the resin while the carbon fabrics were kept intact under high pressure. The composites were left for 24 hours to cure the epoxy and then post cured at 85 °C for an additional 4 hrs to ensure full curing of the composite samples.
Samples Characterization
Electron scanning microscopy (LEO (Zeiss) 1550 field-emission SEM) was utilized to study the size and morphology of the grown CNTs as well as the possible effects of solution environment and heat-treating on the sizing of fibers. SEM was also utilized to study the inter-laminar space of composites in terms of delamination and other defects. To measure the weight/volume fraction of the fibers in different samples, a thermogravitational analyzer (TGA, TA Q50 from TA instruments) was employed under air environment.
Disk shaped composite samples with 4 mm diameter were cut randomly from different locations of the composite plates and tested in the TGA by ramping the temperatures from room temperature to 500 °C at a rate of 20 °C per minute. The weight loss from 150 °C to 500 °C was considered as the amount of polymeric matrix which burns away during the heating.
An Instron testing frame with an environmental chamber was employed to conduct the tensile and stress relaxation tests at 25°C, 45°C, 65°C, 85°C. To better probe the effects of the temperature on the viscoplastic properties of the polymeric matrix of the samples, the typical application of polymer-glued G-10 tabs was replaced by a flexible aluminum sheet to grip the samples without imposing additional viscos behavior.
8 Also, to minimize the heat latency of the metallic parts, smaller mechanical grips were utilized rather than the bulky hydraulic ones. The tensile and stress relaxation tests were carried out according to the ASTM D3039/D3039M and ASTM D6048 standards, respectively.
A standard dead weight creep frame was augmented with pneumatic power, 5k lb load cell and data acquisition system. An air cylinder with both compression and expansion capabilities was installed on a dead weight frame and compressed air was supplied to air cylinder through high pressure piping system and a 0-30 psi manual regulator. A high temperature grade extensometer was utilized to record the elongation of the samples throughout the loading and creep processes. The data acquisition system consisted of a 4 channel full/half bridge NI USB-9481 National Instruments DAQ system. An in-house LabView template was developed for calibration of the test and for data acquisition. A 10.0 V bias was supplied to the bridge as an input and the resultant output signal was scaled to their physical quantities via the information provided from the manufacturers of extensometer and load cell.
Constitutive Viscoplastic Modeling
The model proposed by Gates and Sun [30, 39, 45] was utilized to predict the creep behavior of different samples using data from stress relaxation and quasistatic tensile tests. Assuming uniaxial loading where the model considers the composites as a homogeneous orthotropic material the total strain for elastoplastic (time-independent) constitutive relation may be written as a combination of elastic and plastic terms.
(1)
Hooke's law provides the relation between elastic strain and stress, , whereas, the plastic strain, , is expressed by a power law:
Where A and n are material constants found from tensile test experimental data. For a rate-dependent constitutive relation, the total strain rate is divided into elastic and viscoplastic components, 9
Where the elastic strain rate is (4) While the viscoplastic strain rate is decomposed into two terms.
Differentiating the plastic strain in elastoplastic constitutive relation, the first part of the viscoplastic term, can be written as:
Utilizing the "overstress" concept provides the second part of the viscoplastic term, as,
Where H is the overstress, < > are Macaulay brackets, and K and m are material constants found from experimental data. The overstress, * is considered as a scalar quantity that relates the quasistatic stress, ơ * , to the dynamic or instantaneous stress, ơ, at the same strain level, Ho and Krempel [46] . Thus, * * 0 *
The quasistatic stress is found by using previously defined elastoplastic equation 9, while the dynamic stress is the stress resulting from the time-dependent material behavior. * *
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The temperature dependent material parameters K, m, A, and n are calculated from stress relaxation and quasistatic tensile experimental data. During the load relaxation, the quasistatic stress is constant, the total viscoplastic strain rate is zero and stress rate us negative; therefore, from equations 5 and 3 it can be concluded:
Equations 8 & 10 give: *
To determine , one can apply numerical differentiation to the stress-time data from load relaxation tests.
To better utilize the stress relaxation data, the log log curves can be plot from accelerated relaxation tests. This type of representation can generate an asymptotic value for the minimum or quasistatic stress. Figure 1 summarizes the mechanical properties of the composites made of fibers exposed to 550 °C (for the purpose of desizing) for different duration to measure the amount of the degradation which is imposed on the fibers. It can be seen that the exposure to 550 °C for 30 min under inert atmosphere did not alter the mechanical properties of the fibers (and consequently the composite) considerably.
Results and Discussion
The following labeling is adopted throughout the article to identify composites based on different carbon Figure 3 shows the weight fractions of the polymeric matrix extracted for each composite configuration.
Tensile Tests
The weight loss prior to 150 °C can be related to the humidity absorbed in the composites. All the samples incorporated ~2.0 wt% moisture. It can be seen that the SUB sample possesses the lowest matrix weight fraction while the patterned CNT sample attained the highest one. Later on, the matrix volume fraction will be used to normalize the viscoplastic properties since the major contribution to time/temperature dependent response of material arises from the polymeric matrix. properties, and often triggers excessive pitting of the fiber surface, impairing the fiber tensile strength. In this process, the fibers' surface layers simply burn away unevenly to create pits in lines that coalesce into channels, resulting in a high surface rugosity [47] . This degradation of the fibers strength coupled with the degradation of the epoxy matrix strength at temperature close to Tg explains why the HT composite samples attained the lowest strength. Understandably, the neat (NT) sample been exposed to less severe thermal environment will retain most of the fibers strength and thus better composite strength compared to the HT sample. The presence of the ZnO substrate (the SUB sample) assisted in ameliorating the heatinduced damage to the fibers by acting as a thermal barrier coating (TBC).
In theory, whiskerization of the carbon fibers with CNTs (CNT sample) induces high strength interface between the fiber and the matric with more favorable adhesion compared to the ZnO/matrix interface.
However, a dense growth of CNTs could impede the resin penetrates into the CNTs asperities present on the fiber surface, resulting in the formation of interfacial cavities which might cause premature failure of the interfacial bond as observed in the strength evolution of the CNT sample. Hence, it comes as no surprise that enforcing interspacing between the CNTs patches, as in the Pat-CNT sample, yielded the highest strength and elastic moduli compared to almost all other surface treatments (except the SUB samples)
within temperature regimes of 25-85°C. The high strength of the SUB samples can be explained on light of the higher fiber fraction of these samples. Nevertheless, the Pat-CNT samples, although high in matrix volume fraction (i.e., lesser in fiber volume fraction), they still have comparable stiffness and strength.
Stress Relaxation
Stress relaxation tests were carried out at four different strain levels at each temperature. The measured strains at four stress levels (related to 20%, 40% 60% and 80% of the corresponding composite's strength)
were taken as constant strain levels for relaxation tests at each temperature; as the strength changes with temperature the strain levels are temperature dependent as well. Figures 5 (a-e) depict the stress relaxation 13 at each stress level for the different composites configurations. It can be inferred that at the combination of elevated temperatures and higher load levels increases the amount of stress relaxation significantly. Table 1 summarizes the percentages of the stress reduction relative to the corresponding ultimate strength of each composite at different temperatures. To fair the comparison and since the majority of viscous alternation in the FRPs come from polymeric matrix the data shown in Table 1 are also normalized with respect to the minimum volume fraction of the matrix.
As it can be seen at all temperatures/load levels the Pat-CNT sample outperformed the other composite configurations whereas the substrate sample showed the weakest resistance against time induced damage.
The increased resistance to the viscous deformation in composites with MWCNTs grown on the fibers can be justified in terms of better matrix to fiber adhesion. Such improvement in the fiber/matrix interface hinders the slippage mechanisms responsible for the viscoplastic deformations particularly at higher stress 
Creep
Creep tests were carried out at the load levels and temperatures identical to the relaxation tests and the results are plotted for each configuration in Figure 6 (a-e). It can be interpreted from the creep tests result that increasing both temperature and load level induces more time induced deformation. Table 2 summarizes the creep percentages normalized with respect to the volume fraction of the polymer to fiber content. As it can be seen the Pat-CNT composite configuration displayed the maximum resistance 14 against creep deformation. Also, the composite samples with CNTs (both uniform and patterned growth) exhibited improved resistance to viscoplastic deformation compared to the HT and SUB samples. CNTs on the surface of the carbon fibers, results in a better attachment of the fibers to the matrix while decreases the wettability of the fibers by the matrix. One way to go around this problem is conducting the patterned growth in which the volume and the covered area of the grown CNTs can be controlled such that they do not block the fibers from being fully immerged in the matrix during the fabrication process. Figure 7 shows a sample of the log log plot for CNT samples at 85 °C. Upon obtaining * by applying Gauss-Newton and nonlinear regression methods to equation 11, a logarithmic plot of the overstress versus the plastic strain rate can be plot similar to the one demonstrated in Figure 8 .
Viscoplastic Model Validation
Since different load relaxation tests were carried out at various load levels, a quasistatic stress-strain curve can be created at each temperature. Fitting the mentioned curve to equation 9 in logarithmic scale, the material parameters A and n can be estimated. A sample curve for logarithm of plastic strain versus quasistatic stress is shown in Figure 9 . Hence, to examine the repeatability of the obtained parameters, each load relaxation test was repeated and the mean and standard deviation of m are reported in Table 3 as well.
Different approaches have been made to reduce the temperature dependency of the material parameters such as averaging the values of m at different temperatures and using the average as temperature independent. Other approaches entail considering n and A to be constant at all temperatures [39] . However, all of these approaches are purely sensitivity analysis to ensure the model will produce a good fit for the experimental data rather than providing physical insights. Examining the results in Table 3 , there is not a clear trend to how the material parameters vary with temperature; nevertheless, the hybrid composites with CNTs attain the lowest values for the parameter m at most of the temperature levels.
Throughout the creep tests, the stress rate is zero so that the total strain rate can be estimated from equations Regardless of the configuration of the fibers, the simulation of the viscoplastic model in the current study , as well as in our previous work [48, 49] and the work by Gates [30, 39, 45] , concludes that: while the model predicts the creep at low temperature and low stress levels satisfactorily, it fails to produce an acceptable evolution of the creep at high stress levels and/or at temperatures close to the Tg of the composite. The viscoplastic model is phenomenological in nature; a number of tests with different loading conditions (tensile and relaxation) should be performed over reasonable levels of temperature-stress environments, such that the internal parameters of the model can be extracted. There are no clear trends on how the parameters are affected by the temperature. Moreover, the viscoplastic creep model carried out in this study is not expected to provide explicit description of all the many rate-dependent phenomena that may occur in polymer-based composites at elevated temperatures.
In particular, to this study, the NT sample and the Pat-CNT preserve the adhesion and strength better than the HT and CNT samples by facilitating either less degradation of the fiber properties (NT) or by enhancing the interfacial properties (Pat-CNT) and, thus, they hinder the viscoplastic behavior. The HT sample encountered more fiber damage and the CNT sample hindered the epoxy penetration through and, thus, both of them possessed poor adhesion to the matrix and consequently more noticeable viscoplastic degradation. This poor adhesion is not accounted for (explicitly) in the model, and is responsible for the discrepancy between the experimental date and the simulation for the HT and CNT samples.
Conclusions
A comprehensive experimental investigation was conducted to elucidate the viscoplastic behavior of hybrid 
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Although no clear regression to how the model's parameters vary with temperature or the fiber surface treatment; the hybrid composites with surface grown CNTs possess the lowest value for the parameter m at most temperature levels, and consequently, exhibit the least viscoplastic deformation. 
